ABSTRACT Background: Although calcium inhibits zinc bioavailahility in rats, especially from high-phytate diets, the effect of calcium on zinc absorption by humans from practical diets remains unclear. Objective: The objective was to test the inhibitory effect of dietary calcium, in Western diets with high and low phytate content, on zinc absorption. Design: Using a 2 X 2 factorial design, zinc absorption was determined in 10 healthy women from l-d diets with moderate and high calcium contents of 700 and 1800 mg/d and low and high phytate contents of 440 and 1800 mg/d. Absorption was measured by using extrinsically added 65 Z and subsequent whole-body scintillation counting. Results: Mean (±SE) fractional zinc absorption was 32.8 2.3% from the moderate-calcium, low-phytate diet; 26.9 ± 2.4% from the moderate-calcium. high-phytate diet; 39.4 ± 2.4% from the highcalcium, low-phytate diet; and 26.2 ± 2.3% from the high-calcium, high-phytate diet. The respective values for absolute zinc absorption were 3.8 ± 0.3. 3.0 ± 0.3, 4.5 ± 0.3, and 3.2 ± 0.3 mg/d. Phytate significantly reduced fractional zinc absorption by 10 percentage points and reduced absolute zinc absorption by 25%. or '1 mg/d. Differences in dietary calcium did not affect zinc absorption, regardless of a high or low dietary phytate content. Conclusions: In healthy women consuming l-d menus of ordinary foods (sonic fortified with calcium), dietary phytate reduces zinc absorption, but calcium does not impair zinc absorption, regardless of whether dietary phytate is low or high.
INTRODUCTION
Both phytate (used here as a general term for phytic acid, inositol hexaphosphate, or 6-phosphoinositol) and calcium are commonly listed as inhibitors of zinc absorption (1, 2) . However. calcium has been hypothesized to be especially inhibitory in the presence of phytate, because 1:1:1 or 2:1:1 molar concentrations of calcium, zinc and phytate, respectively, are much less soluble than similar concentrations of zinc and phytate only when tested at pH levels typical of the small intestine (3). Fordyce et al (4) reported that zinc bioavailability, measured from growth and tibia zinc concentrations of rats, was better predicted by the (phytate x calcium):zinc ratio than the phytate:zine ratio.
Controlled human studies addressing the effects of calcium, with or without phytate, on zinc bioavailability are limited. Dietary phytate reduces zinc absorption in single-meal isotopic tracer studies (5) (6) (7) and, together with dietary zinc content, is a primary predictor of human zinc absorption in algorithm models based on complete (>1 d) diets (8. 9). Calcium added to lowphytate meals does not impair zinc absorption, as measured by using isotopic tracers (10) (11) (12) (13) . Consistent with the theory that calcium interacts with phytate to inhibit zinc absorption, Sandstrbni and Cederhlad (14) reported decreased zinc absorption with the addition of milk to a soybean-based meal. However, in a separate report, Sandstrdm et al (15) described enhanced zinc absorption from a meal based on whole-meal bread when calcium was added in the form of milk products; this enhancement was attributed to the protein in the milk products. Lonnerdal et al (11) also reported increased rather than decreased zinc absorption by adults when infant soy formula was supplemented with calcium; the authors suggested that the additional calcium might bind phytate, freeing zinc for absorption.
In summary. whereas substantial evidence documents the inhibitory effect of phytate on zinc absorption, the effect of dietary calcium or of a phytate X calcium interaction is much less clear. The latter effects have not been tested in human isotopic studies using commonly consumed foods.. The study reported here tested the effects of dietary calcium and phytate in a 2 X 2 factorial design using Western diets formulated from ordinary foods, and the absorption of zinc isotope was measured by using a whole-body scintillation counter.
SUBJECTS AND METHODS

Subjects
A power analysis was conducted to determine the number of volunteers required to detect a statistically significant ( = 0.05) calcium X phytate interaction. On the basis of variability from similar research conducted by our laboratory (16) , 8 women were required to detect a difference in zinc absorption of 7 percentage points with a power of 90%. To reduce the possible influence of heterogeneity in this small of a sample, the sample size was rounded up to achieve study completion by 10 women. Women were recruited via local advertising and met eligibility requirements if they were aged 21-50 y, with no apparent disease as indicated by brief questionnaires, interviews, and measures of blood pressure, blood glucose, hemoglobin, creatinine, and liver transaminases. Weight-for-height [body mass index (BMI; in kg/rn 2 )] was between the 5th and 95th percentiles for the US population of similar age. The women had not been pregnant within the previous year and were not lactating. Subjects had not regularly used zinc supplements exceeding 20 mg/d or calcium supplements exceeding 1000 mg/d, and they agreed to discontinue all nutrient supplements when their application was submitted, generally 4-8 wk before the beginning of the study. None of the subjects routinely used medication, with the exception that routine use of hormonal contraceptives or hormone replacement therapy was allowed. The 10 subjects who completed the study had a mean (--SD) age of 35 ± 10 (range: 21-47) y and BMI of 26 ± 3 (range: 23-32).
All procedures and potential risks were explained, and all subjects gave written informed consent. This study received approval for human subjects from the University of North Dakota's Institutional Review Board and its Radioactive Drug Research Committee and from the US Department of Agriculture's Radiological Safety Committee.
Dietary treatments
The effects of calcium and phytate on zinc absorption were assessed by using 2 levels of each in a 2 X 2 factorial design. Zinc (Table 2 ). All the foods were commercially available, and none were fortified with zinc. The calcium content of the menus was increased by modifying serving sizes and by replacing unfortified foods with similar foods that were commercially fortified with calcium. Phytate was modified by the isocaloric substitution of whole grain, nut, and legume products for some meat and refined-grain products. The increases in calcium and phytate were approximately evenly distributed between the 3 meals, although the increase in phytate at the lunch meal was less than planned because subsequent measurement indicated considerably less phytate in wild rice than has been reported (17) . Each menu provided 2200 kcal and '85 g protein.
The high-and low-phytate diets contained 32 and 19 g/d dietary fiber, respectively. Foods were weighed to 1% accuracy and consumed quantitatively. City water was consumed as desired, after analyses indicated minimal zinc content.
Zinc absorption measurements
Zinc absorption was measured by using 65 Z radiotracer and whole-body scintillation counting methods. The study lasted 16 wk, with an absorption measurement every 4 wk. The subjects consumed a I -d experimental menu for 2 consecutive days. On the second day, the entire menu (3 meals) was extrinsically labeled with 7.4 kBq (0.2 pCi) 65 Z tracer. The tracer was added to one of the primary sources of zinc in each meal, and the specific activity (ratio of 65Zn to elemental zinc) was constant Dietary minerals were analyzed in triplicate. Daily phytate intake was calculated from analyses of each meal, with an average CVof 2.3% for replicate determinations. For absorption measurements, n = 10. The diet sequence did not significantly influence the results (ANOVA).
2 ANOVA: calcium effect (P = 0.17), phytate effect (P = 0.0002), calcium X phytate effect (P = 0.08).
ANOVA: calcium effect (P = 0.09), phytate effect (P = 0.0005), calcium X phytate effect (P = 0.3). Mean ± SE (all such values).
for all meals. All meals were served at the research center. During the 4 wk between each 2-d set of controlled diets, the subjects consumed their self-selected diets. Absorption was determined by serial whole-body scintillation counting; individual retention curves were used to correct for endogenous 65 Z excretion (18) . Whole-body radioactivity was determined before the labeled meals, after the second labeled meal, and twice weekly thereafter. The initial total body activity (representing 100% of the administered dose) was calculated from the whole-body activity after 2 labeled meals (before any unabsorbed isotope was excreted), divided by the fraction of the total activity contained in those 2 meals. The percentage absorption was determined by extrapolating back to the time of isotope administration along the linear portion (days 14-28 after Zn administration) of a semilogarithmic retention plot (the natural logarithm of percentage remaining radioactivity versus time). The next absorption determination was corrected for previously administered 65 Z by subtracting the background wholebody radiation (measured 1-2 d before the meals) from all subsequent whole-body counting measurements for that treatment.
Chemical analyses of diets
Duplicate diets were prepared for analysis with precautions to avoid trace mineral contamination. Diet samples were analyzed for calcium and zinc contents by inductively coupled argon plasma emission spectrophotometry after nitric acid and hydrogen peroxide digestion. Analytic accuracy was monitored by assaying a typical diet standard (SRM 1548a; US National Institute of Standards and Technology, Gaithersburg, MD), yielding mean (--SD) results that were 94 ± 5% of certified values for calcium and 99 ± 9% of certified values for zinc. Dietary phytate was determined by acid-extraction, ion-exchange separation, and phosphorus analysis (19) and quantified by assuming 6 mol P/mol phytic acid.
Statistics
The effects of dietary treatment and equilibration time were determined by using 2-factor repeated-measures analysis of variance (ANOVA), with individual volunteers serving as their own controls (20) . ANOVA results were considered significant if the P value was <0.05.
RESULTS
Fractional zinc absorption was significantly lower with high dietary phytate ( Table 2 ). Fractional zinc absorption averaged 10 percentage points lower with the high-than with the lowphytate diet. A tendency for this effect to be more pronounced when dietary calcium was high was not statistically significant (P = 0.08 for the interaction).
Absolute zinc absorption was 25% lower with the high-than with the low-phytate diet, an absorption difference of 1 mg/d. Dietary calcium did not significantly affect absolute zinc absorption; a possible trend suggested by the analysis (P = 0.09 for the main effect of calcium) favored greater, rather than lower, zinc absorption when dietary calcium was high (Table 2) .
DISCUSSION
The present results confirm the negative effect of phytic acid on zinc absorption (5-9). With an increase in the phytate:zinc molar ratios from =4 to 15, the amount of zinc absorbed from a l-d diet was reduced by 25%, or 1 mg. Current dietary recommendations that emphasize greater consumption of phytate sources such as whole grains, legumes, and nuts would likely reduce dietary zinc bioavailability, although not as much as with the present experimental diets. We estimate that a phytate:zinc ratio of =8 would result from current US recommendations that include increased consumption of whole grains (estimated by calculation using MyPyramid menus; 21). Whereas the phytate: zinc molar ratio of 15 in the high-phytate diets in the present study probably exceeds that of most Western diets, phytate:zinc molar ratios >15 are more likely for vegetarians and are common in developing countries (8), where zinc deficiency is a concern. Ellis et a! (22) recommended ratios of <10 to obtain adequate zinc hioavailability from human diets and reported average dietary phytate:zinc molar ratios of 8 for US omnivorous women, = 14 for US vegetarian women, =13 for Asian Indian vegetarians, and 20 for Nepalese vegetarians. Phytate:zinc molar ratios have been estimated to be as high as 26 in countries of South Asia and sub-Saharan Africa (8).
The lack of a significant effect of dietary calcium or of a phytate X calcium interaction on zinc absorption in the present study is reassuring, especially with the emphasis in recent years on increased calcium ingestion from food and supplements in response to evidence that calcium increases bone mineral density (23) . In the United States, calcium has been commercially added to fortify multiple foods, including milk, juice, and grain products, and calcium is commonly ingested in the form of dietary supplements or antacids, especially among the elderly (24). Ellis et a! (22) recommended phytate X calcium:zinc millimolar ratios of <200 to obtain adequate zinc bioavailability from human diets. Although both the high-phytate diets of the present study exceeded this criterion (millimolar ratios of 272 and 623), and were associated with significantly lower zinc absorption (Table 2) , there was no evidence that calcium contributed to the inhibition of zinc absorption by phytate. Although the effects of calcium were nonsignificant in this study, the direction of the results indicated that if there was any effect, calcium tended to improve rather than inhibit zinc absorption.
Currently proposed models to predict zinc absorption from human diets are based on dietary zinc and phytate, but not on calcium content. The predictive power of the International Zinc Nutrition Consultative Group logit regression model (8) was not improved by inclusion of calcium in the model. Likewise, Miller et al (9) , using data from 14 absorption studies, found no relation between the residuals from their model predictions and either the dietary calcium or the calcium X phytate:zinc millimolar ratio. When these models were applied to predict zinc absorption in the present study, the International Zinc Nutrition Consultative Group model (8) predicted 93%, 86%, 82%, and 85%, the model of Miller et al (9) predicted 96%. 83%, 83%, and 82%, and our modification of the Miller et al model (25) predicted 106%, 102%, 91%, and 100% of the observed results, respectively, for the moderate-calcium and low-phytate diet, the moderate-calcium and high-phytate diet, the high-calcium and low-phytate diet, and the high-calcium and high-phytate diet (Table 3) . If high dietary calcium inhibited zinc absorption primarily with high dietary phytate, one would expect the last of each set of predictions to overestimate, rather than underestimate, the observed results. The predictions by these models do not appear to be biased by not including a possible inhibitory effect of dietary calcium on zinc absorption.
Knowing the effect of dietary bioavailahility on zinc absorption is important for assessing the susceptibility of people, especially those in developing countries, to zinc deficiency. Because no reliable biochemical or clinical markers of marginal zinc status are available, the risk of zinc deficiency in a population may best be evaluated by assessing the usual dietary zinc content and bioavailability. The current results are consistent with those ot other studies (8. 9), which concluded that the phytate and zinc contents of the diet are the primary dietary factors that predict zinc absorption. For populations at risk of inadequate bioavailable zinc, successful interventions may require both increases in dietary zinc content as well as reductions in dietary phytate.
In conclusion, in healthy women consuming l-d diets nutritionally modified using foods commercially available in the United States, zinc absorption was inhibited by 25% by high dietary phytate. However, zinc absorption from these diets was not affected by increased calcium ingestion, achieved partly by using calcium-fortified foods, even when dietary phytate was also high.
